Quantum nonadiabatic molecular dynamics simulations are used to explore the molecular details surrounding photoexcitation of solvated electrons in deuterated water. The results are compared to previous studies in normal water ͓B. J. Schwartz and P. J. Rossky, J. Chem. Phys. 101, 6902, 6917 ͑1994͔͒ to elucidate the nature of the isotope effect on both the solvation and nonadiabatic relaxation dynamics. The solvent spectral density couples differently to the individual energy levels than to the quantum energy gap, indicating the importance of the symmetry of both the ground and excited states in determining the resulting solvent response. The solvation dynamics are characterized by a Gaussian plus biexponential decay. Deuteration has little effect on the Gaussian component or long time exponential decay of the solvent response function, but a ϳ20% isotope effect is observed on the faster exponential decay. The solvent response following nonadiabatic relaxation is found to be much more rapid than that following photoexcitation, reflecting the importance of short range mechanical forces and molecular shape in solvation dynamics. Simulated spectral dynamics of the individual ground state bleach, excited state absorption, and stimulated emission components in deuterated water are presented and the results compared to those in normal water. The spectral isotope dependence results principally from the difference in calculated nonadiabatic relaxation rates, which are a factor of ϳ2 slower in D 2 O than H 2 O. Using the fact that a separate analysis of the quantum decoherence times for the electron suggests that the nonadiabatic transition rates in the two solvents should be identical, calculated spectral transients are corrected for the case of identical nonadiabatic lifetimes and show essentially identical behavior in light and heavy water, in agreement with current experimental results. The small isotope effect on the solvation response should be observable with higher time resolution.
I. INTRODUCTION
The dynamics of a chemical reaction in solution are critically affected by solvent molecules whose motions are coupled to the reactant energy levels. This solute-solvent coupling can alter chemistry in two principle ways. The first way is through solvation dynamics, the response of the solvent to changes in the electronic charge distribution of the reacting species. [1] [2] [3] Since all chemical reactions involve the rearrangement of electrons, the time scale over which the solvent acts to stabilize new charge distributions can determine whether or not ͑or how rapidly͒ a particular reaction can cross its transition state. The second way is through nonadiabatic coupling, the mixing of the adiabatic potential surfaces of the reacting species due to rapid nuclear motions of the solvent. 4 By allowing for transitions between quantum energy levels, nonadiabatic coupling provides a reacting system access to entirely new regions of phase space, permitting the creation of new products or altered reaction rates. These two types of solvent effects on chemical reactivity are not entirely independent: as the charge distribution changes during a reaction, solvation dynamics will determine the evolution of the new adiabatic energy levels and the extent to which they are coupled nonadiabatically. In this paper, we will utilize the isotope effect to explore the connections between solvation dynamics and nonadiabatic relaxation for a model condensed phase quantum system, the hydrated electron.
The hydrated electron serves as an excellent paradigm for the study of aqueous solvent effects on chemical reactivity. Because the excess electron resides in a roughly spherical solvent cavity, its eigenstates are similar to those of a particle in a spherical box. [5] [6] [7] The coupling between the solvent and the solute for this system is manifest in three ways. First, solvent molecular motions distort the size and shape of the cavity, directly modulating the electronic energy levels. Second, upon promotion to the first excited state, solvent motions act to accommodate the new p-like charge distribution, dynamically decreasing the quantum energy gap. Finally, as solvation brings the ground and excited states closer together in energy, nonadiabatic coupling due to rapid solvent motions causes a radiationless transition back to the ground state. These three aspects of the extremely strong solute-solvent coupling in this system are reflected spectroscopically in the breadth of the equilibrium absorption band, in the enormous fluorescence Stokes shift following photoexcitation, and in the rapid recovery of the equilibrium absorption spectrum following radiationless relaxation, respectively. [5] [6] [7] [8] [9] [10] This spectroscopic accessibility and the theoretical simplicity of the hydrated electron have made it the first system where condensed phase nonadiabatic simulation and experiment have successfully converged. 2 Recent femtosecond laser experiments by Barbara and co-workers have measured the dynamical spectral changes following photoexcitation for the hydrated electron system. [27] [28] [29] [30] In these three laser pulse experiments, hydrated electrons are produced by an initial synthesis pulse through multiphoton ionization of neat water or photodetachment of a negative ion. After several nanoseconds delay to ensure equilibration in the ground state, the electrons are promoted to their first excited state with a second femtosecond laser pulse. The spectral changes due to solvation and nonadiabatic relaxation following this photoexcitation are recorded with a third ultrashort pulse at a variety of wavelengths. Because of the temporal width of the pulses and optical dispersion in the sample, the time resolution of these experiments is limited to ϳ300 fs. The experiments measured solvation and nonadiabatic relaxation time scales of р300 fs and ϳ1.1 ps, and found no direct evidence for simple two-state ͑isos-bestic͒ kinetic behavior. In addition, when similar experiments were performed in deuterated water, no isotope effect was observed on any of the dynamics within the time resolution of the apparatus. 28, 29 In previous work, [7] [8] [9] [10] we simulated the experiments of Barbara and co-workers by treating the hydrated electron at a fully quantum mechanical level. Following photoexcitation, we found that the electron occupies a p-like state with lobes oriented along the long axis of the solvent cavity. The solvent responds on ϳ25 fs Gaussian and ϳ250 fs exponential time scales to create a more peanut-shaped cylindrically symmetric cavity. The electron grows by a factor of ϳ2 along the cavity long axis, and solvent molecules are brought into the nodal region near the electron center of mass. These solvent motions leave the energy of the occupied excited state roughly unchanged, but increase the energies of the ground state and the higher lying excited states. By analyzing the transient spectroscopy in terms of ground state bleach, excited state absorption, and stimulated emission components, we were able to assign the observed spectral dynamics in terms of specific solvent motions inducing changes in the frequencies and oscillator strengths of the underlying quantum transitions. 8 The lack of observed isosbestic behavior results from solvation-induced changes in the absorption and bleach spectral components during the course of the radiationless relaxation. 9 In addition, we found a roughly inverse-linear dependence of the nonadiabatic transition rate on the magnitude of the evolving quantum energy gap. 7 Based on these results, we assigned the 300 fs and 1.1 ps spectroscopic time scales to excited state solvation dynamics and nonadiabatic relaxation, respectively, 7-9 rather than to nonadiabatic relaxation followed by ground state solvation as previously suggested. 27, 28 In this paper, we extend our previous studies on the hydrated electron system to investigate the isotope effect on solvation dynamics and nonadiabatic relaxation. In Sec. II we outline the nonadiabatic quantum methods used for simulating the photoexcited solvated electron in D 2 O. Section III explores in detail the nature of the solvent fluctuations coupled to the hydrated electron. The solvent response for the solvated electron in deuterated water is examined and compared to previous experimental, theoretical, and simulation studies of the isotope effect on solvation. The presence of only a small isotope effect on the inertial portion of the solvent response indicates a large degree of translational character to the initial solvent molecular motions. In Sec. IV, we examine the isotope effect on the nonadiabatic relaxation of the hydrated electron. In contrast to experiment, we find internal conversion rates which are a factor of ϳ2 slower in D 2 O than in H 2 O, a result which stems from incorrect choice of the quantum decoherence time in the nonadiabatic dynamics algorithm. We explore the molecular nature of the solvent dynamics following radiationless relaxation, and find a significant difference between the solvent responses following photoexcitation and nonadiabatic relaxation. This difference is rationalized by considering the role of solvent mechanical forces ͑dispersion and Pauli repulsion͒ in competition with the Coulomb forces responsible for dielectric solvation. Section V presents the calculated ultrafast spectroscopic transients for the solvated electron in D 2 O. The individual bleach, absorption, and stimulated emission spectral components are analyzed and compared to those investigated previously in H 2 O. Using a simple model for the connection between the nonadiabatic transition rate and the solvation dynamics, we correct the calculated spectroscopy in D 2 O for the case where the nonadiabatic transition rates in the two solvents are identical. In agreement with experiment, we demonstrate that at 300 fs time resolution, there would be no measurable spectroscopic differences between the ultrafast transients in light and heavy water for comparable transition rates. Finally, Sec. VI summarizes all of these results, and points out directions for future experiments with improved time resolution.
II. METHODS
The nonadiabatic simulation procedures we employ are identical to those used in our previous studies of photoexcitation of the solvated electron in H 2 O, 7-13 and have also been described in detail in the literature. [31] [32] [33] Briefly, the model system consists of one quantum mechanical electron and 200 classical deuterated water molecules in a cubic cell with standard periodic boundary conditions at room temperature. The electron-D 2 O interactions were described with a pseudopotential, 34 which contains terms accounting for the Coulomb interaction between the solvated electron and the partial charges on the D and O atoms of the solvent molecules, the polarization interaction between the solvent molecules and the solvated electron, and the orthogonality requirement between the wave functions of the solvated electron and the electrons in the solvent molecular orbitals. This potential is identical to that used in our previous work on H 2 O, and is discussed in detail elsewhere. 34 The equations of motion were integrated using the Verlet algorithm 35 with a 1 fs time step in the microcanonical ensemble. The adiabatic eigenstates at each time step were calculated via an efficient iterative and block Lanczos scheme 31 utilizing a 16 3 plane wave basis; the lowest 6 eigenstates were computed during nonadiabatic dynamics, and the lowest 40 eigenstates were employed in all spectral computations. All spectra presented here were smoothed in the frequency domain with a 1:2:1 filter, and then convoluted with a 300 fs Gaussian to provide for better comparison to experiment as well as to ensure the correct statistical weights in the ensemble average. 8 The starting point of the simulations was an equilibrated configuration of the electron in H 2 O, with the masses, velocities, and box size scaled to produce the model of the electron in D 2 O. The deuterated system was then equilibrated for 10 ps with velocity rescaling every 100 fs for the first 5 ps and every 500 fs for the latter 5 ps. After an additional 10 ps equilibration with no velocity rescaling, a 40 ps adiabatic ground state trajectory was run ͑a portion of which is shown in Fig. 1͒ . This ground state trajectory was divided into twenty 2 ps intervals, and the first configuration in each interval which had a quantum energy gap resonant with the experimental excitation energy 36 was used as the launching point for nonadiabatic excited state trajectories. Each trajectory was run through its nonadiabatic transition to the ground state, and the ground state dynamics were subsequently followed for an additional 0.5 ps. 37 Nonadiabatic dynamics were performed using the algorithm of Webster et al., 31, 32 which is based on a combination of the stochastic surface hopping scheme of Tully and Preston 38 and the nonadiabatic scattering formalism of Pechukas. 39 In this approach, nonadiabatic transition probabilities are computed as the squares of the ͑complex͒ overlaps of the occupied state at one time step with the adiabatic basis at the following time step. Weighted by these transition probabilities, the final state for the new time step is selected stochastically. The Pechukas expression is then used to selfconsistently determine the dynamics of the classical particles associated with the given initial and chosen final quantum states, allowing for smooth evolution during quantum transitions. Because the myriad of classical paths associated with each possible final state can interfere, ''memory'' of the complex transition amplitudes is lost after a certain time, an effect known as quantum decoherence. 33, 40 In our present application of the Webster et al. algorithm, we chose to drop the complex phases of the nonadiabatic transition amplitudes at the end of each time step to account for this decoherence. Thus, the comparisons presented here between nonadiabatic dynamics in H 2 O and D 2 O are based on identical decoherence times in the two solvents. Our choice was based in part on the recent semiclassical golden rule calculations of Neria and Nitzan, 15, 16 who found little change in the decay of quantum coherence upon isotopic substitution for the hydrated electron system. More recently, however, we reinvestigated the role of quantum coherence in this system and determined that electrons in deuterated water should have a decoherence time which is Ϫ50% longer than that in normal water. 33 The implications of this difference in decoherence times are discussed in detail elsewhere, 33 and we will return to the effect of decoherence on the nonadiabatic transition rate in Sec. IV.
The classical model we use for D 2 O is a modification of the flexible version of the simple point charge ͑SPC͒ model for water due to Toukan and Raman. 41 We utilize the same inter-and intramolecular parameters as Toukan and Raman, but choose a deuteron mass of 2 amu instead of the proton mass of 1 amu. We also slightly adjusted the box size in our simulation ͑to 18.19 from 18.17 Å͒ to match the experimental solvent density of 1.104 g/ml at 300 K. We selected this model to allow for direct comparison to our earlier H 2 O work, even though to the best of our knowledge, the properties of this particular model for D 2 O have not been explored previously. Several models of isotopically substituted water have been well-characterized, [42] [43] [44] however, including a flexible version of SPC which differs from the model we employ only in that it uses harmonic interactions for the intramolecular degrees of freedom. 44 Most of these models find that the translational diffusion coefficient of water increases by a factor of ϳ1.2 upon isotopic substitution, in good agreement with the experimental isotope shift of 1.23 at 300 K. 45 Perhaps of more relevance for solvation dynamics are the dielectric relaxation and rotational correlation times. The Debye relaxation times for rigid models of deuterated water are only 5%-12% larger than those for normal water, 42, 43 in relatively poor agreement with the experimental finding of a 26% increase. The flexible model for D 2 O most similar to ours, 44 however, shows a ϳ20% increase in the selfreorientation time about the dipole axis upon deuteration, in much better agreement with experiment.
In comparing our model for D 2 O to experiment, it is important to note that no classical simulation model will adequately reproduce quantum effects which are important in a protonated fluid like water. Classically, the static ensemble properties for light and heavy water should be identical since the two fluids contain identical nuclear configurations with identical statistical weights. The only differences in the ensemble properties of classical H 2 O and D 2 O should be in dynamical quantities such as time correlation functions which depend on the rate at which these fluids sample their configurations. Quantum mechanically, however, the dispersion of the deuteron is much less than that of the proton. As a result, real ͑quantum mechanical͒ D 2 O has stronger hydrogen bonding and is a more ordered fluid than H 2 O at the same temperature. 46 One manifestation of this extra ordering is a ϳ15 nm blueshift of the equilibrium absorption spectrum of the hydrated electron upon deuteration. 47 Our semiclassical models for the electron in the two solvents have identical solvent configurations and interaction potentials; as a result, the calculated ground state absorption spectra in the two classical solvents are identical within statistical limits ͑cf. the reference spectra for D 2 O in Figs. 8 and 9 with our previously calculated H 2 O spectrum in Fig. 1 of Ref. 7͒. In addition to missing this small shift in the spectroscopy, our semiclassical model for the solvated electron would not reproduce any quantum effects that might be important to solvation or to the energy partitioning and coupling in nonadiabatic dynamics. With these caveats in mind, we explore the classical isotope effect on the solvation dynamics of the solvated electron in Sec. III.
III. LINEAR RESPONSE AND THE ISOTOPE EFFECT ON SOLVATION DYNAMICS
The importance of the solvent's response to the changing electronic charge distribution during a chemical reaction has prompted an explosion of recent experimental, theoretical, and simulation studies of solvation dynamics. [1] [2] [3] The effects of solvent fluctuations on the quantum energy gap of a quantum solute, U(t)ϭE exc (t)ϪE gnd (t), are described by the equilibrium solvent response function
where ␦U(t)ϭU(t)Ϫ͗U͘ is the fluctuation of the gap from its average value and the angled brackets denote an equilibrium ensemble average. In the limit of linear response, the regression of fluctuations resulting from a perturbation should relax in the same manner as those present at equilibrium. Thus, for small perturbations, the nonequilibrium solvent response function
should be identical to C(t) in Eq. ͑1͒. The overbars in Eq. ͑2͒ denote a nonequilibrium ensemble average. In a typical solvation experiment, a probe molecule ͑usually an organic dye͒ has its charge distribution changed by photoexcitation, and the time dependent fluorescence Stokes shift is monitored. The nonequilibrium response function S(t) is then determined by approximating the quantum energy gap as the peak or first moment of a log-normal fit to the instantaneous fluorescence spectrum. 48 The relationship between this spectroscopically determined solvent response and the time evolution of the underlying quantum energy gap has been explored previously for the hydrated electron system. 11 The solvent fluctuations which modulate the quantum energy gap of a solute take place at the frequencies present in the solvent's spectral density. There has been a great deal of interest in the solvent spectral density for water in particular, including investigations by infrared absorption, 49 depolarized Raman scattering, 50 the optical Kerr effect, 51, 52 and molecular dynamics simulation. 53, 54 The spectral density of liquid water is roughly characterized by high frequency intramolecular symmetric and antisymmetric stretching ͑3200-4000 cm
Ϫ1
͒ and bending motions ͑1500-1800 cm Ϫ1 ͒, as well as lower frequency intermolecular librational ͑400-1000 cm Ϫ1 ͒ and various hindered translational motions ͑ϳ60 and ϳ175 cm Ϫ1 ͒. As expected upon deuteration, the bending, stretching, and librational motions are decreased in frequency by ϳ&, while the lower frequency translational motions show relatively little change upon isotopic substitution. All of these different solvent motions can modulate the solute quantum energy levels; thus, the overall isotope effect on solvation dynamics will depend on the interplay between these motions and how strongly each couples to the energy levels of the solute. Figure 1 shows a 1.5 ps slice of the ground state equilibrium trajectory of the solvated electron in D 2 O. The lower curve depicts the energy of the electronic ground state, while the center curve shows the energy of the lowest p-like excited state to which photoexcitation occurs. The effect of strong coupling to solvent motions is readily evident-the energy levels vary by nearly 0.5 eV on a time scale of a few tens of femtoseconds. Clearly visible are rapid oscillations at the O-D stretching frequencies with a period of ϳ15 fs as well as slower modulations at the bending and intermolecular solvent frequencies. It is interesting to note that the two energy levels often tend to be modulated together; that is, some particular solvent motions which affect the energy of the ground state affect the energy of the excited state in the same fashion. Thus, especially on short time scales, the two curves fluctuate largely in parallel. The upper curve in Fig. 1 shows the time evolution of the quantum energy gap, the difference between the ground and excited state energies, on the same energy scale as the lower two curves ͑note the scale break in the lower part of Fig. 1 ; the average gap is around 2 eV͒. Because some types of solvent fluctuations affect the two individual states in the same manner, the fluctuations in the quantum gap are both quantitatively and qualitatively quite different from those of the individual energy levels.
The fluctuations which appear in the time evolution of the quantum energy gap are due only to those solvent modes which are significantly displaced upon excitation. A simple Fourier analysis shows that the fluctuations present in the individual energy levels are well matched to the bulk solvent spectral density, including contributions from both the intraand intermolecular degrees of freedom. The quantum energy gap, however, shows essentially no modulation at either the solvent stretch or bend frequencies, and shows a small enhancement of the translational motions relative to the librational motions compared to the neat solvent spectral density. 55 This can be easily rationalized with a simple physical picture. Upon photoexcitation from the s-like ground state, the charge density in the p-like excited state ''pushes'' on solvent molecules along the angular lobes, and stops pushing on those molecules which are now aligned FIG. 1. Dynamical history of the lowest two adiabatic energy levels and the quantum energy gap for a 1.5 ps portion of the ground state trajectory describing the solvated electron in deuterated water. The y axis scale is identical for all three curves; the scale breaks are included for ease of comparison. The upper curve representing the quantum energy gap is the difference of the lower two curves depicting the ground and first excited adiabatic eigenstates.
with the nodal region between the lobes. Since the electron is large ͑ϳ4 Å diam͒ compared to the size of the solvent, this pushing motion acts not just on single atoms but instead acts fairly uniformly over entire water molecules. Thus, the relatively stiff intramolecular O-D stretching and bending motions are not much affected by this change in charge distribution, but the softer hindered translational and rotational motions of the entire molecule are altered.
The difference in fluctuations between the individual energy levels and the quantum energy gap is further explored in Fig. 2 . The solid curve shows the autocorrelation of the quantum energy gap, which is also the linear response prediction ͓Eq. ͑1͔͒ for the solvation dynamics following excitation, averaged over all 40 ps of the ground state trajectory. The dotted curve shows a similar autocorrelation of the electronic ground state energy alone ͑the autocorrelation of the energy fluctuations of the individual p-like excited states are nearly identical͒. The two curves are clearly different, reflecting the different composition of solvent modes present in the underlying fluctuations.
The regression of the ground state fluctuations shows a fast initial decay, followed by a pronounced ringing at the D 2 O librational frequency. This type of librational oscillation has been previously observed in the solvation dynamics of water by Maroncelli and Fleming. 56 In their simulations, Maroncelli and Fleming examined aqueous solvation dynamics by changing the overall charge of an atomic probe. Like these charged atomic solutes, the ground state of the hydrated electron is spherically symmetric, and the oscillations in the ground state solvent response indicate the importance of collective water librational motions in coupling to spherically symmetric charge distributions. For the hydrated electron, however, the photoexcitation changes the symmetry of the charge distribution. Because the orientation of water dipoles around the electronic ground state is already nearly favorably aligned for solvation of the lobes of the excited state, collective librational motions are not as effective in relaxing the new excited state charge distribution; 57 these librational motions which strongly modulate the individual states make a smaller contribution to the autocorrelation of the quantum energy gap. Thus, the symmetry of the charge distribution involved is important to determining the effectiveness of the various modes in solvation dynamics.
This symmetry dependence to the solvation dynamics has also been observed in previous simulation studies. Kumar and Maroncelli 58 recently observed differing solvent responses for a benzenelike solute with different excited states having various order multipolar charge distributions. 59 In our earlier work studying the polarization dependence of the transient spectroscopy of the hydrated electron, we found that solvent fluctuations with different symmetries can cause relaxation on very different time scales. 10 This symmetry dependence to the solvation dynamics has important implications for linear response. We note that like in H 2 O, 7 solvation of the photoexcited solvated electron in D 2 O falls in the linear regime: the autocorrelation of the energy gap decays in an almost identical fashion to the nonequilibrium solvent response following photoexcitation ͑cf. Fig. 3͒. Figure 2 , however, indicates that considerable caution is necessary in using ground state potential fluctuations for linear response predictions of solvation dynamics. Depending on the nature of the excited state involved, fluctuations of the quantum energy gap can behave very differently from fluctuations of either the ground state or excited state energies alone. In other words, the detailed nature of the solute makes the spectrum of couplings between the solvent spectral density and the solute electronic energy gap nonuniform ͑in this case, damping out the intramolecular modes and heavily weighting the hindered translational motions͒.
The relationship between solvent-solute interaction symmetry and the nature of solvent motions in solvation dynamics has also been recently explored in a detailed theoretical analysis by Ladanyi and Stratt. 60 By making a scaling argument in a solvation theory based on instantaneous normal modes, 61, 62 Ladanyi and Stratt conclude that the symmetry differential of the solute-solvent ground and excited state interactions determines the relative effectiveness of translational versus rotational solvent motions during initial solvent relaxation. This scaling argument predicts that translational solvent motions play the greatest role for the case of a spherically symmetric differential interaction while rotational motions are more important for dipolar symmetry. Thus, a major role for translation is consistent with the mechanical expansion of the hydrated electron at short times associated with the differential between the ground and excited states, while the increased evidence for libration in the individual state energies ͑cf. Fig. 2͒ is consistent with charge distribution fluctuations of leading dipolar symmetry. Figure 3 explores the isotope effect on the nonequilibrium solvation dynamics of the hydrated electron. In computing solvent response functions from Eq. ͑2͒, we note that while Ū ͑0͒ is well determined by the resonance condition for excitation, there is an ambiguity concerning the choice of Ū ͑ϱ͒. For classical normal and deuterated water, we expect the equilibrium excited state energy gaps to be identical. In D 2 O, however, the simulated excited state lifetime is roughly twice as long as that in H 2 O, as discussed in more detail in Sec. IV. Thus, the solvent response on time scales longer than the excited state lifetime in H 2 O causes continued re- laxation of the quantum gap in D 2 O past that observed in H 2 O. To calculate the equilibrium gap in D 2 O, we averaged configurations from all trajectories where the electron occupied the excited state for times greater than 2 ps, and determined a 0.45 eV value for the asymptotic energy gap. This value indeed indicates further solvent relaxation than the 0.56 eV value we obtained in our previous work in H 2 O, where we could not explore times significantly greater than 1 ps due to the short excited state lifetime. 7 Were we able to correctly capture the later solvation dynamics in normal water with a longer-lived probe, it would be expected to have the effect of adding a tail and then raising the H 2 O solvent response function ͑solid curve͒ in Fig. 3 until the tail just about overlaps with the tail of the D 2 O solvent response ͑dotted curve͒.
Having noted this missing longest time solvent response in H 2 O, Fig. 3 shows that the solvent responses in H 2 O and D 2 O are actually quite similar. The inset shows the short time responses of the two solvents in detail. Both are characterized by a rapid Gaussian decay 63 comprising roughly half of the response, followed by exponential relaxation on longer time scales. Both the Gaussian response and more notably the subsequent exponential decay in D 2 O are slightly slower than those in H 2 O, but the curves are similar enough that it would be very difficult to separate them experimentally with limited time resolution. The dashed curves in Fig.  3 represent Gaussian plus biexponential fits to the solvent response functions, with parameters summarized in Table I . The longest time entry in Table I for H 2 O comes from exponential fits to the decay of the spectral transients; the long time solvent response still has some spectroscopic manifestation even though it has nominally 0% amplitude in the decay of the quantum energy gap. The Gaussian component shows a р10% isotope effect, corresponding well with our interpretation of predominantly translational modes being displaced upon photoexcitation. The faster exponential decay shows a 23% increase upon deuteration, in excellent accord with expectations based on the experimental isotope change in water's longitudinal dielectric relaxation time of 26%. Our assignment of the experimental spectral transients from Barbara's group 27, 28 is slightly modified from our previous work: the observed 300 fs decay is predominantly a manifestation of the fast exponential solvation dynamics, whereas the 1.1 ps decay reflects a mixture of nonadiabatic relaxation and the slower exponential solvation dynamics which both occur on similar time scales. The details of this spectral assignment are discussed in Sec. V.
We have already compared the solvent response function for the photoexcited solvated electron in H 2 O to previous work on aqueous solvation dynamics, 7 but the solvent response in D 2 O and the nature of the isotope effect merit further comparisons to other theoretical studies in the literature. Fonseca and Ladanyi investigated the isotope effect in the early time solvation response of methanol, and found a change in the Gaussian inertial decay time which was smaller than that expected for purely rotational motion of the hydroxyl hydrogen alone. 64 This finding is in accord with our results for water, where a & dependence of the decay time would have been expected for inertial solvent molecular motions which involved reorientation of the water dipole. Perhaps the most similar study to ours is that of Barnett, Landman, and Nitzan, 14 who used a similar model of the hydrated electron to study the adiabatic relaxation following excitation in both normal and deuterated water. In contrast to our results, these workers did find a ϳ& isotope effect on the initial Gaussian decay, and thus suggested that this early time portion of the solvation response was due to water reorientation motions. Barnett et al. based their conclusions, however, on the results of only two trajectories, and thus were not able to comment on the presence of an isotope effect in the longer time relaxation.
14 Given the difference in statistics between our simulations and theirs, it is difficult to determine if our results are truly at odds. Our results are also in general accord with the molecular hydrodynamic theory of Nandi, Roy, and Bagchi, 65 who predict solvent response functions for water based on experimental dielectric dispersion data as input. These workers find essentially no change in the initial Gaussian relaxation upon deuteration, but do see a small isotope effect in the long time exponential tails similar to that observed in Fig. 3 . The theory used in these studies assigns the initial Gaussian decay to the relaxation of long wavelength polarization modes of the solvent. 66 The quantitative agreement between our results and the theory of Nandi et al., however, is not as satisfactory. The theory, which agrees well with the experimental aqueous solvation 67 predicts a Gaussian decay which is twice as long as that observed here, and exponential decay time scales which are significantly faster than ours. As discussed below, these differences may be due to the role of mechanical forces in the solvation dynamics in the present case, and which are not accounted for in this theory.
There have also been several experimental studies on the isotope effect in solvation dynamics. Barbara et al. have measured the solvation dynamics of a coumarin probe in both light and heavy water. 68 Although these workers were unable to resolve the inertial dynamics, they did observe a ϳ30% isotope effect on the exponential portions of the solvent response, results which match well with our Fig. 3 . In addition to their high time resolution study in H 2 O, 67 Jimenez and Fleming have also explored solvation dynamics in D 2 O. 69 Although to the best of our knowledge they have not fully analyzed their D 2 O data, the individual fluorescence traces suggest little change in the inertial or longer exponential time scales, but a slight increase in the shorter exponential time scale in accord with our results. Miller's group 52 and Castner et al. 51 71 Neither solvent shows any inertial dynamics, so the results are only on the diffusive, exponential relaxation components. Fully deuterated aniline displays the same isotope effect as aniline deuterated solely on the amino group, suggestive of specific hydrogen bonding interactions in the solvation process. Surprisingly, DMA shows no isotope effect at all. Overall, all the available experimental evidence suggests that the details of the solute-solvent coupling are important in determination of the isotope effect in solvation dynamics.
IV. THE COUPLING BETWEEN SOLVATION AND NONADIABATIC RELAXATION
Because the solvent-induced fluctuations of the quantum energy levels of the photoexcited hydrated electron are comparable to the spacing between them, a nonadiabatic description of the electronic dynamics is essential. The 20 nonadiabatic trajectories run in D 2 O show a wide dispersion of nonadiabatic transition times; by considering the entire swarm of trajectories, valuable insight can be gained into the nature of the interplay between solvation dynamics and nonadiabatic relaxation. The solid curves in Fig. 4 display the probability for remaining in the excited state for the entire set of D 2 O trajectories as well as the survival probability for our earlier results H 2 O. 7 Because 20 trajectories were run for each of the two solvents, the survival curves jump in steps of 0.05 each time a single trajectory undergoes radiationless relaxation. Table II summarizes the median and average values of the survival time for each of the two systems.
As is also obvious from inspection of Fig. 4 , the average survival time in D 2 O is roughly twice that in H 2 O.
The average and median survival times presented in Table II reflect a mixture of different inherent nonadiabatic transition rates and differing solvation dynamics between the two solvents. In our earlier work, 7 we presented a simple model for the decay of the survival probability which assumed an inverse linear dependence on the quantum energy gap
where P(t) is the fraction of population in the excited state at time t after excitation, U(t) is the time-dependent quantum energy gap normalized to the size of the equilibrium excited state gap after completion of the solvation response, and the proportionality constant is simply the equilibrium excited state lifetime. Equation ͑3͒ is in general accord with our physical intuition: immediately after photoexcitation when the gap is large, the nonadiabatic transition rate is small. The nonradiative transition rate then increases with time as the gap decreases due to solvation, and does not reach its maximum, equilibrium value until after the solvation response is complete. 72 At long times, is simply the time scale for exponential decay. This variation in the rate with solvation forms the basis for the differences between earlier experiments and simulations studying the relaxation of electrons photoinjected into neat water [19] [20] [21] [22] [23] [24] [25] [26] and the photoexcitation of equilibrium electrons considered here. 7 Using FIG. 4 . The isotope effect on the excited state survival probability as a function of time. The solid curves denote the fraction of trajectories in which the electron still resides in the excited state. The dashed curves are fits to a simple one-parameter model which assumes an inverse linear coupling between the quantum energy gap, controlled by solvation, and the nonadiabatic relaxation rate. See the text, Eq. ͑3͒, and Table II . 33 As mentioned in Sec. I, however, the experimental results show essentially no isotope dependence to the transient spectroscopy following photoexcitation, suggesting that both the nonadiabatic transition rates and the solvation dynamics are similar for the electron in H 2 O and D 2 O. [27] [28] [29] We recently have rationalized the difference between the experimental and simulation results by considering the role of quantum decoherence in the two solvents. 33 We found that the quantum coherence time for the solvated electron in D 2 O was roughly 50% longer than in H 2 O. Thus, the smaller nonadiabatic coupling in D 2 O adds coherently for a longer time than in H 2 O, with the net result being essentially identical nonadiabatic transition rates in the two solvents. In Sec. V, we will calculate spectroscopic transients for the electron in D 2 O enforcing an identical equilibrium nonadiabatic lifetime to that in H 2 O. We find that the if the nonadiabatic transition rates are similar, the differences in solvation dynamics are not readily detectable spectroscopically at 300 fs time resolution ͑cf. Fig. 3͒ , providing an explanation for the complete lack of isotope effect observed experimentally.
To gain further insight into the response of the solvent following nonadiabatic relaxation, we show the change in the quantum energy levels of the hydrated electron following the nonadiabatic transition in Fig. 5 . In constructing this figure, we have defined the zero of time to be the point at which the nonadiabatic transition occurs in each individual trajectory. This is fairly unusual kind of ensemble average: while many of the initial configurations start after radiationless transition from the equilibrated excited state, some initial configurations result from excited state trajectories in which the solvation response is not yet complete. After radiationless decay over an average gap size ͑at the point of the nonadiabatic transition͒ of ϳ0.65 eV, solvent relaxation rapidly lowers the energy of the newly occupied ground state, with most of the response completed within 25 fs. There is evidence for slower relaxation of the ground state on longer time scales, but this slower component of the response plays a much smaller role. Within a few hundred fs of the nonadiabatic transition, the equilibrium structure of the hydrated electron is completely established. This rapid evolution to equilibrium once the ground state becomes occupied is in agreement with the results of previous adiabatic 6 and nonadiabatic 19, 20 calculations, and is in accord with our general assignment of the transient spectroscopy in water to solvation dynamics followed by nonadiabatic relaxation rather than vice-versa. [7] [8] [9] One interesting feature of the downwards ensemble average lies in the smoothness of the traces present in Fig. 5 . The energy levels of the individual trajectories ͑cf. Fig. 1͒ fluctuate by ϳ0.5 eV on a rapid time scale due to coupling with various modes of the solvent. The lack of large amplitude oscillations on the average indicate that there are no simple special motions of the solvent which can be singled out as responsible for driving the nonadiabatic dynamics. 13 The fact that many modes of the solvent are simultaneously involved in coupling the energy levels of the hydrated electron nonadiabatically is discussed in detail elsewhere. Fig. 4.   FIG. 6 . The isotope effect on the nonequilibrium solvent response functions following nonadiabatic relaxation of the hydrated electron. The solid and dashed curves show the reestablishment of the ground state equilibrium for the electron in light and heavy water, respectively. The light dotted curve depicts the nonequilibrium response following photoexcitation in deuterated water ͑same as in Fig. 3͒ for comparison. than that following photoexcitation. This difference bears a striking resemblance to that observed by Maroncelli and Fleming in their studies of atomic solutes in water:
56 their nonequilibrium solvent response upon ionization of the neutral solute is very similar to our ''upwards'' response, while their solvent response following neutralization of the ionic solute closely matches our ''downwards'' transition, as discussed further below. Moreover, when one computes the linear response prediction for the equilibrated excited state ͑by calculating the autocorrelation of the quantum energy gap ͓Eq. ͑1͔͒ for a single long trajectory on the equilibrated excited state with the surface hopping algorithm shut off͒, one finds that the nonequilibrium downwards response presented in Fig. 6 is in excellent agreement with the linear response prediction. Thus, even though the two responses are clearly different due to the different nature of the microscopic solvent configuration around the electron in different electronic states, both the upwards and downwards transitions follow linear response. 74 This phenomenon will be explored further in an upcoming publication. 75 In Fig. 7 , we examine how diverse initial microscopic solvent configurations can lead to very different solvent responses by using the wave function of the solvated electron as a probe of the local solvent structure. The times indicated in Fig. 7 are relative to the nonadiabatic transition point in a single trajectory. As in our previous work, 7 the wave function depicted is the ground state eigenfunction of the electron, which is unoccupied before the radiationless transition ͑upper frame͒ but becomes the occupied state following nonadiabatic decay ͑lower two frames͒. The twodimensional slices of the wave function shown here contain both the electron center of mass and the transition dipole vector connecting the ground and first excited states, which points along the approximately cylindrical symmetry axis of the excited state electron. The absolute orientation and position in the lab frame is the same for all three slices. Figure 7 shows both changes in the electronic charge density due to solvent motions and provides an explicit measure of the shape of the solvent cavity in which the electron resides.
Preceding the nonadiabatic transition, we observe oscillations of electron density between the lobes of the elongated peanut-shaped wave function, and the nonadiabatic transition probability to the ground state increases when the wave function becomes more asymmetric. 73 The occupied excited state wave function has opposite signs in each of the lobes, whereas the nodeless ground state wave function has only a single sign. It is those solvent motions which drive electron density toward only one of the two lobes that breaks this symmetry, leading to a finite probability for making a nonadiabatic transition. 73 The upper frame in Fig. 7 captures such a charge density asymmetry 2 fs before the nonadiabatic transition takes place; the left-hand lobe of the wave function contains significantly more charge density than the righthand lobe. We note that similar oscillations have been observed by Space and Coker in their study of solvated electrons in liquid helium. 76 Following the nonadiabatic transition, the solvent quickly reorganizes to produce the equilibrium ground state hydrated electron, which has an s-like wave function about the size of one of the lobes of the equilibrium excited state electron. Of special significance, the transition initially produces an asymmetric ground state wave function which has most of its charge density in one of the original two excited state lobes. This leaves a void in the solvent which was formerly occupied by the other lobe of the excited state electron. Solvent molecules rush in to fill this void, pushing out what little electron density remains. The center panel in Fig.  7 shows that only 4 fs after the internal conversion, the electron almost entirely occupies the left-hand lobe. After only 10 fs, solvent has relaxed to produce an electronic species which has most of the characteristics of the equilibrium ground state except perhaps for a slight increase in overall size. The fact that entire solvent molecules move to fill in the void during this time is also supported by the very small isotope effect seen in Fig. 6 ; the initial downward solvent response does not show the & isotope dependence that would be characteristic of water rotational motions. Thus, we see that translational modes of the solvent are also important in relaxing the ground state charge distribution following nonadiabatic relaxation, although different time scales are critical.
This idea of predominantly displacing different translational modes upon photoexcitation and nonadiabatic relaxation leads to an appealing microscopic picture for the cou-FIG. 7. Selected ground state eigenfunctions from a single trajectory, shown in perspective and as contour plots, demonstrating dynamic evolution of the solvent cavity around the electron in deuterated water following nonadiabatic relaxation. The plane of these two-dimensional slices contains both the electron center of mass and the transition dipole vector connecting the ground and first excited states. The times are relative to the nonadiabatic transition; thus, the upper plot at Ϫ2 fs displays the unoccupied ground state while the lower two plots at positive times show the now newly occupied ground state.
pling of the mechanical and dielectric solvent responses. Viscoelastic solvent relaxation occurs for solutes that undergo a change in size or shape upon excitation, even if such excitation is not accompanied by a change in charge distribution. 77 In cases where changes in both size and shape and charge distribution occur, such as the hydrated electron, the viscoelastic and dielectric solvent responses can couple together. 13 Upon photoexcitation, the hydrated electron continuously expands along the long cavity axis pushing solvent molecules away from the ends of the lobes, and solvent molecules also translate into the void created in the nodal region. Of course, solvent reorientational motions do aid in accommodating the new excited state charge distribution, but the initial solvent motions displaced are predominantly translational, as evidenced by the small isotope effect on the inertial response ͑Fig. 3͒ and the pronounced ringing observed at translational frequencies in the calculated ultrafast spectroscopy ͑cf. Fig. 11 and Refs. 8-10͒. Following nonadiabatic relaxation, the solvent molecules are already properly orientationally aligned around the lobe that will be occupied after the transition, so only free translational motion of water molecules into the newly created void is necessary to produce significant relaxation. This causes the large difference in solvation rates for the two types of transitions ͑Fig. 6͒; following photoexcitation, first shell solvent molecules are being mechanically forced into other solvent molecules, which hinders their translational and rotational degrees of freedom. Following nonadiabatic relaxation, solvent molecules near the unoccupied lobe simply move into the void, where they can easily take up configurations that lower the energy of the ground state.
In both the photoexcitation and nonadiabatic cases, a major portion of the relaxation is due to the mechanical forces between the solute and the solvent. Recent holeburning studies finding nearly identical solvation dynamics for both polar and nonpolar solutes in propylene carbonate point to the importance of mechanical forces in solvation. 78 Simulation work has also indicated the importance of mechanical interactions in solvent relaxation. 79, 80 A similar phenomenon has also been noted by Maroncelli and Fleming in their atomic solute simulations. 56 Following ionization of a neutral solute, solvent dipoles aligned for the neutral species can reorient to favorably solvate the new charge distribution. Following neutralization of a charged solute, solvent molecules which were pulled in towards the solute by the Coulomb attraction now find themselves on a highly repulsive part of the potential due to ͑mechanical͒ Pauli exclusion forces. The solvent molecules are rapidly pushed away; small solvent motions cause the solvation energy to drop considerably due to the steepness of the repulsive part of the potential. The situation is nearly identical for the hydrated electron. The small recurrence after the initial relaxation in the downwards solvent response ͑Fig. 6͒ provides some evidence for reorientational motion subsequent to the initial translation. This oscillation occurs at the period of the librational frequency, and shows the & isotope dependence expected for reorientational motion in water.
V. ULTRAFAST TRANSIENT SPECTROSCOPY OF THE SOLVATED ELECTRON IN D 2 O
One of the principle advantages of utilizing a quantum model for the hydrated electron is the opportunity to make a direct connection with experiment by using the wave functions to calculate spectroscopic observables. In previous work, [8] [9] [10] we found excellent agreement between spectroscopic transients calculated with this model of the hydrated electron and the experimental results of Barbara and co-workers. [27] [28] [29] [30] By dissecting the calculated transients into individual bleach, absorption, and emission components, we were able to elucidate how the solvent motions responsible for solvation dynamics and nonadiabatic relaxation are reflected spectroscopically. 8, 9 In this section, we examine the experimental manifestations of the isotope effect by studying these same spectral components for the solvated electron in deuterated water and comparing to our previous results in normal water.
The solvent motions which couple to the energy levels of the hydrated electron fluctuate on a variety of time scales. The laser pulse used for photoexcitation is faster than some of these fluctuations. Thus, only that fraction of the population which are in instantaneous configurations such that their quantum energy gap is resonant with the laser pulse are photoexcited. This leaves an absorption deficit centered around the frequency of the excitation laser, which eventually broadens into the entire equilibrium absorption spectrum as the longer time fluctuations cause this select population to sample all possible configurations, the so-called spectral diffusion. The dynamics of this ground state bleach, or transient hole, play an important role in the total ultrafast pump-probe spectroscopy of the hydrated electron. produced by uniform bleaching of the entire band, is shown normalized to equal area at each time delay ͑dotted curves͒ to emphasize the shape of the hole. Within the statistical noise, the transient bleaching spectroscopy for the solvated electron in deuterated water is identical to that observed previously in normal water. 8, 81 Rapid solvent fluctuations cause the initial hole ͑tϭ0͒ to be quite broad, although there is some extra bleaching on the red edge of the spectrum near the frequency of the excitation laser. The red edge of the spectrum undergoes a slight blueshift at longer time delays, and the bleach becomes indistinguishable from the equilibrium absorption spectrum by delays of 2 ps.
At first glance it seems surprising that the bleaching dynamics are not affected by isotopic substitution. The fast solvent fluctuations, however, are faster than the inverse of the absorption linewidth ͑fast modulation limit͒ 82 in both H 2 O and D 2 O, so there is no isotope effect on the shape of the initial hole. In previous work studying the polarized holeburning spectroscopy of the hydrated electron, 10 we found that in addition to the fast isotropic fluctuations, slower anisotropic solvent fluctuations couple to the electron which relax on the picosecond time scale. This is a consequence of the fact that it takes several picoseconds to randomize the orientation of the long axis of the cavity enough so that the 3 p-like excited states interchange roles. The blueshifting spectral dynamics along the red edge of the spectrum reflect this slow reorientation. We find that both the transition dipole orientational autocorrelation function and the polarized transient bleaching spectroscopy are identical for the solvated electron in both H 2 O and D 2 O. Thus, the long time fluctuations which randomize the cavity orientation involve solvent motions which are not significantly affected by isotropic substitution. We expect that rather than a rotation of the electron and its first solvent shell, electronic reorientation takes place due to a pseudorotation associated with structural rearrangement of the solvent cavity. 10, 30 This structural rearrangement would involve the diffusive motion of many solvent molecules. In this case, a measurable isotope effect on the ground state bleach would not be expected.
In addition to the bleaching of the ground state, those electrons promoted to the excited state can absorb light either before or after they undergo radiationless relaxation. The calculated transient absorption component for the photoexcited solvated electron in D 2 O is presented in Fig. 9͑a͒ . The early time increase in absorption intensity is the result of convolution with the 300 fs instrument response function. The zero time spectrum reflects the nascent absorption of the excited state, and the subsequent dynamics reflect a mixture of spectral evolution of the excited state absorption due to solvation dynamics and the reestablishment of the equilibrium spectrum following the nonadiabatic transition. The thin solid line shows the equilibrium absorption of the ground state for comparison. Like the absorption spectra previously calculated for the electron in H 2 O, 8 the red peak of the excited state absorption spectrum in D 2 O undergoes a redshift as the oscillator strength to the other two p-like excited states increases with solvation, and the spectrum shows a dynamic blueshift in the high energy spectral tail.
The final component to the complete transient spectroscopy of the photoexcited solvated electron in D 2 O, due to stimulated emission, is shown in Fig. 9͑b͒ . Like the emission component in H 2 O, 8 the initial spectrum is broad and redshifted from the excitation wavelength due to convolution of the instrument function with the inertial portion of the solvent response. The emission then narrows with time and undergoes a dynamic Stokes shift due to solvation, processes which have been analyzed in detail for the case of H 2 O in previous work. 8, 11 The only differences between the emission dynamics in H 2 O and D 2 O result from the longer simulated excited state lifetime which brings to light the presence of the slower solvation component in the deuterated solvent. The lifetime difference is manifest in greater emission intensity at longer times in D 2 O than in H 2 O. The presence of the slow solvation component is evident in the continued Stokes shift of the emission in D 2 O at very long times: the long time emission spectrum in D 2 O ͑2.5 ps͒ has its maximum near 0.5 eV, roughly 0.2 eV further redshifted from the corresponding maximum at long times ͑1.5 ps͒ in H 2 O. Other than these few differences, the emission dynamics are essentially the same for the excited state electron in light and heavy water, reflecting the generally similar solvent response functions ͑Fig. 3͒ of the two solvents. Figure 10 shows the complete transient spectroscopy of the solvated electron in deuterated water following photoex- Although the results presented in Fig. 10 compare quite favorably with experiment, 83 the simulated isotope effect on the transient spectroscopy is not in good agreement with the experimentally measured femtosecond results. The experiments show identical spectral features in H 2 O and D 2 O, 28, 29 in sharp contrast to the nearly factor of 2 difference in recovery time predicted by the present simulations. This difference is predominantly due to the difference in calculated lifetimes resulting from incorrectly estimating the decay of quantum decoherence in the algorithm used for nonadiabatic dynamics. Since a correct treatment of quantum decoherence should produce essentially identical nonadiabatic relaxation rates, 33 a better comparison between the simulations and experiment can be made by correcting the lifetime in D 2 O to match that in H 2 O. By reweighting the calculated spectral transients from each trajectory to reflect the corrected lifetime, we can determine whether or not the simulations predict if differences in solvation dynamics between H 2 O and D 2 O are observable spectroscopically. Corrected population dynamics for the electron in heavy water can be determined by Eq. ͑3͒ using the known behavior of the quantum energy gap U(t) of the electron in D 2 O ͑Fig. 3͒ but the equilibrium excited state lifetime determined in H 2 O ͑450 fs͒. The resulting survival curve is quite similar to that observed in H 2 O, although slightly longer lived due to the differences in solvation dynamics between the two solvents. The excited state contributions to the total spectroscopy for the D 2 O trajectories are then reweighted by the corrected survival probabilities, and the three spectral components readded together. This produces calculated spectral dynamics for the electron in D 2 O with the correct underlying solvation dynamics and the corrected excited state lifetime, which matches that in H 2 O. These corrected D 2 O transients ͑dashed curves͒ are compared to those calculated previously for H 2 O ͑solid curves͒ in Fig. 11 .
As is evident from Fig. 11 , the H 2 O and corrected D 2 O calculated spectral transients are remarkably similar within the noise of the simulations. As discussed elsewhere, the low frequency oscillations superimposed on the transients reflect the low frequency solvent translational motions which are displaced upon photoexcitation and are likely not statistically significant. 8, 9 The D 2 O transients appear to rise a little more slowly than the H 2 O transients, due to the slower longitudinal component of the solvation dynamics ͑Table I͒. At 300 fs time resolution, however, it is clear that it is quite difficult to distinguish the spectral dynamics in the two solvents. Thus, for excited state lifetimes which are equal in the two solvents, the simulations predict identical spectral transients at the presently available statistical ͑theoretical͒ and experimental time resolution. Based on the results of the simulations, however, the differences in solvation dynamics between light and heavy water should be enough to produce measurable spectroscopic changes in experiments with significantly better time resolution. FIG. 10 . Complete change in absorption for the solvated electron in deuterated water at various time delays after photoexcitation in absolute intensity units. These spectra are the sum of those shown in Figs. 8, 9͑a͒ , and 9͑b͒.
FIG. 11. Time domain spectral transients for the solvated electron in deuterated water ͑dotted curves͒ corrected for the case that the equilibrium nonadiabatic transition rate is the same as that in normal water ͑see the text͒. The solid curves show spectral transients for the same wavelengths in normal water ͑Ref. 8͒ for comparison. All the transients shown have been normalized to the same maximum amplitude.
VI. CONCLUSIONS
In summary, we have investigated the solvent dynamics following photoexcitation of the solvated electron in D 2 O, and compared the results to similar work in H 2 O. The nonadiabatic relaxation and solvation dynamics are coupled together in an intimate way. The solvent spectral density couples differently to the individual electronic energy levels and the quantum energy gap, producing relaxation dynamics which cannot be predicted from the fluctuations of the individual energy levels alone. The change in symmetry of the charge distribution upon excitation is important in determining the effectiveness of the various modes in the overall solvent relaxation. A striking example of this is the large difference between the solvent responses following photoexcitation and nonadiabatic relaxation of the solvated electron. Detailed analysis of the solvent motions accompanying radiationless relaxation point out the importance of short-range mechanical forces as well as the longer range Coulomb forces in the overall solvent response.
The overall solvent responses following photoexcitation in H 2 O and D 2 O are remarkably similar ͑Table I͒, but the longer simulated excited state lifetime in D 2 O allows direct observation of a slower relaxation component. The excited state lifetime in heavy water is found to be roughly a factor of 2 larger than in normal water. Part of this isotope effect on the transition rate is due to the slower solvation dynamics in D 2 O which keeps the energy gap large for a longer time than in H 2 O. The majority of this isotope effect on the lifetime, however, reflects the smaller nonadiabatic coupling in D 2 O. The solvent response following nonadiabatic relaxation in the two solvents are essentially identical, reflecting the importance of mechanical forces and reinforcing the concept of the rapid establishment of equilibrium following return to the ground state.
Experiments at 300 fs time resolution find no significant differences in spectral evolution following photoexcitation of the solvated electron in H 2 O and D 2 O. This indicates that both the solvation and nonadiabatic relaxation dynamics are similar in the two solvents. A detailed theoretical analysis suggests that the simulated excited state lifetime should be comparable in light and heavy water if the quantum decoherence times were chosen correctly. 33 Calculations correcting the equilibrium lifetime in D 2 O to match that in H 2 O reproduce the nearly identical spectral transients in the two solvents, indicating that the simulations have captured the essential physics following photoexcitation of the hydrated electron. The simulations further indicate that experiments with sufficient time resolution ͑р50 fs͒ should be able to resolve small isotopic differences in the solvation dynamics and/or excited state lifetimes in the two solvents.
